Introduction
The advent of high-resolution gridded river networks having global coverage offers new opportunities for the study of regional, continental, and global-scale hydrological processes. Gridded river networks typically are derived from digital elevation models (DEM) using maximum downhill (decreasing) elevation gradient search procedures [Jenson and Domingue, 1988] . Unfortunately, gridded networks derived from currently available DEM are often inaccurate since most DEM were not designed with the intent of representing river flow patterns.
Automated methods and algorithms have been proposed to correct DEM or derived gridded networks [Band, 1993;  Hutchinson, 1989; Jenson and Domingue, 1988] . Gridded networks derived from resampled DEM typically are fragmented owing to spurious local depressions [Hutchinson, 1989] . Automated methods to derive gridded networks are most sensitive over flat terrain where the maximum downhill elevation gra-full 1 km resolution would be far too computer intensive for most global applications. Clearly, a derived river network at suitably coarser spatial resolutions would be better suited to continental-and global-scale applications. Effective procedures for rescaling the otherwise useful high-resolution river networks, however, have not been developed.
Typical grid resolutions for global hydrologic modeling are of the order of 10' (-10 km) to 2 ø or 3 ø (few hundred kilometers) [Coe, 1998; Hagemann and Damenil, 1998 The coarse-scale river network is then recreated using a maximum "uphill" (or increasing) drainage area gradient search algorithm.
Australia, Europe, North America, and South America) to derive 0.1 ø (6') resolution networks. In the current paper, however, we present results for Europe only. The remainder of the paper presents network scaling algorithm (NSA) methodology, where model accuracy is assessed by quantifying sources of error in the aggregation procedure. Changes in geomorphometric attributes across grid resolutions from 30" (1 km) to >30' (50 km) are also presented.
Method

Basic Algorithm
Our overall strategy for reconfiguring fine-resolution river networks into coarse-scale flow paths relies on drainage area calculated for all grid cells at the source resolution. This attribute, which is easily computed, is an integrated, conservative measure and a key property of drainage systems. At any scale, drainage area can be used as an input to automated procedures for rebuilding the aggregated river network. Figure 1 shows the aggregation of a fine-resolution grid using a 3 x 3 kernel. In order to preserve the high drainage area values along mainstems the finer-resolution grid needs to be aggregated using a maximum-value search within the aggregation kernel. When the rescaling involves both grid aggregation and projection, the high drainage area values can be preserved by projecting the drainage area grid with sufficient oversampling before the aggregation of the oversampled drainage area grid.
Grid projection is normally performed as sampling, where the procedure steps through the cells of the projected grid and calculates the coordinates of each grid cell center on the original projection. The procedure then samples the original surface at the projected locations. The sampling either (1) assigns the value of the nearest grid cell (nearest neighbor method) to the projected grid cell or (2) searches for several nearby cells within a specific radius and interpolates from these neighboring grid cells using a distance-weighted, bilinear, spline, or similar technique. Since the drainage area grid is a highly nonsmooth surface (i.e., the high drainage area values along main stems are surrounded with low values), any interpolation would distort these high values through smoothing. The nearest neighbor technique does not alter the sampled grid values, thereby preserving the high drainage area values.
The oversampling results in a projected upstream area grid with a finer resolution than the original upstream area grid (i.e., values from the original grid will be present repeatedly in the projected grid). This redundancy ensures that the high drainage area values are not missed during the grid resampling. The oversampling allows the separation of the projection and the aggregation (i.e., the grid projection is done first, resulting in a projected high-resolution grid that consistently preserves all features of the original grid). The projected highresolution grid is aggregated later. In our case, the aggregation should apply a maximum-value search since the high contributing area values are carrying the information needed for the network reconstruction.
Drainage area grids can be used to derive flow directions similar to the manner in which DEMs are used, but in contrast to the use of DEM, which use a maximum downhill (decreasing) elevation gradient search procedure, the drainage area grid instead defines flow directions based on maximum "uphill" (increasing) drainage area gradients (pathways with increasing upstream catchment area). We refer to this procedure as the NSA. This procedure can be performed with standard geographic information system (GIS) raster functions, which are commonly available in many GIS software packages. 
Input Data
The NSA was tested on HYDRO lk, which is derived from (Figure 3) , assessments of the rescaled networks over a broad spatial domain and for rivers encompassing several orders of magnitude in drainage area (---100 to 3.2 x 10 6 km 2) can be made. The most important limitation of the NSA rescaling algorithm is that the simulated network, derived from drainage area, may not precisely match the original network used to generate the initial drainage area surface. Improvements can be realized by limiting the largest of the potential differences to ensure that the regridding algorithm maintains the subbasin configuration An approach toward improving NSA is to incorporate subbasins in the regridding procedure. The subbasins derived from the original HYDROlk, projected and resampled to the target network resolution, can be used in a modified maximum "uphill" (increasing) drainage area gradient search procedure. On a first pass the modified procedure (while searching for the maximum drainage area gradient) considers only those neighboring cells which fall into the same subbasin region as the cell for which the flow direction is to be determined. Should the procedure fail to find any flow direction (i.e., the cell is the outlet of a subbasin) on the first pass, a second pass then extends the search into neighboring subbasins.
The network scaling algorithm with basin enhancement (NSABE) was applied to the Danube basin, with the 1364 subbasins used to guide the algorithm in deriving a 5' network. The use of subbasins helped to improve NSA performance ( Figure 9) ; the mean SRE dropped from -4.09 (NSA) to -0.55% and approaches the -0.28% basin regridding error. The standard deviation of the SRE also decreased substantially from 17.06 to 7.74%, approaching the 4.96% standard deviation of the regridding SRE. Similarly, the mean absolute SRE decreased from 16.56 to 9.12%, which is about twice as high as the 4.41% mean absolute SRE from regridding. This procedure described above can be extended to consider any number of hierarchically nested subbasin partitions, starting with the finest set of subbasins (which partitions the network to the smallest subcatchments) and continuing the search to larger subbasins. HYDROlk, with different Pfafstetter encoding levels [Pfafstetter, 1989; Verdin, 1997 
Impact of Resolution on Gridded Network Performance
The NSA and NSABE allow us to derive comparable networks over the same domains at different resolutions to study the impact of resolution on network-derived basin character- 
Conclusion
The availability of high-resolution global, gridded network data sets such as HYDROlk offers new opportunities in largescale river flow and constituent transport modeling. However, the use of these data sets in continental-or global-scale routing schemes is not yet feasible due to limitations in currently available computer resources. Nonetheless, the macroscale modeling community can benefit from the availability of these highresolution river networks by using them to derive coarserresolution data sets.
The present paper presented two simple and robust algorithms: the network scaling algorithm (NSA) and a modified version of NSA with basin enhancement (NSABE), which can be used to rescale fine-resolution gridded networks to coarser In the gridded river network context the two most important quantities are the catchment area and distance to the basin outlet. Applying (A1) to grid cell area, we find that to achieve a desired area accuracy SA, the grid cell area has to be smaller than •1 = 2s,•1,
where A is the area of the smallest basin or subbasin we expect the gridded network to represent with •.q accuracy. Therefore the minimum number of grid cells within the smallest subbasin equals n = 1/(2&4).
Since the distances to the basin outlet vary within the basin, it is harder to apply the same criteria to river lengths. We seek to _ represent the mean river L (the average distance from any point within the basin to the basin outlet) at some accuracy eL.
Applying (A1) to mean river length oe, the necessary resolution AL becomes _ AL = 2eLL.
The catchment area of the smallest basin of interest is more often known than the mean length. We therefore relate AL resolution to catchment area by using a modified version of the basin shape (equation (2) 
Equations (A3) and (A8) represent two criteria for the minimum number of grid cells needed to maintain eL length and e•4 area accuracy. Assuming that the desired length and area accuracies are equal (eL = e•4 = e), we find that for rounded (low shape value) basins the length criteria is typically more strict than the area criteria. We also note that the length criteria are also more strict when higher accuracy is required. For practical purposes (<10-20% error), the satisfaction of the length criteria requires more grid cells.
